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Abstract 
Innovative applications and novel modifications of borehole heat exchangers (BHE) require new simulation tools. Currently, 
features like inclined or partly insulated boreholes necessitate fully discretized models. However, those models come at high 
computational cost. We present a tool, which uses an analytical solution for the BHE coupled with a numerical solution for the 
subsurface heat transport. A tetrahedron mesh bypasses the limitations of structured grids for borehole path geometries, while BHE 
properties changing with depth are considered. The tool benefits from the fast analytical solution of the BHEs while still allowing 
for a detailed consideration of the BHE properties. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union 
(EGU). 
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1. Introduction 
Globally, space heating and domestic hot water production constitute about a quarter of the final energy 
consumption [1]. In countries, which are affected by winter seasons, this fraction can be substantially higher (cf. [2]). 
Renewable energy sources like solar collectors are increasingly used to cover the heat demand [3, 4]. They have the 
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potential to reduce the consumption of fossil fuels and to mitigate the CO2 emissions. However, like the demand, the 
renewable heat supply is subject to seasonality in higher latitudes. Excess heat is available in summer, while the heat 
demand is highest in winter. Consequently, renewable heat sources rely on seasonal storage systems [3-8]. Shallow 
arrays of borehole heat exchangers are already in use for seasonal heat storage at comparably low temperature levels 
[9-12]. In many countries legal regulations restrict alterations of the groundwater that may have a negative impact on 
the drinking water quality [13]. Excessive heating of the shallow subsurface can induce microbial growth and, 
therefore, has to be prevented in these aquifers [14].  
Instead, medium deep borehole thermal energy storage systems (BTES) can store the heat in greater depth at high 
temperature levels evading the topmost aquifers. For that purpose, medium deep BTES have to be fitted with an 
insulation in the upper section of the borehole. This can be achieved by larger borehole diameters and the use of 
insulating grouting material in the regarding borehole section. [15-17] 
Compared to shallow installations, drilling is an even more critical cost factor for the construction of a medium 
deep BTES. Thus, simulations of the storage operation are imperative prior to the investment. Furthermore, the design 
of the BHE array has to be optimized to avoid badly sized systems. Consequently, a simulator for the BHE array 
should allow for mathematical optimization [17]. Also, a partly insulated borehole corresponds to depth-dependent 
BHE properties and implies additional special requirements to numerical models. These requirements rule out most of 
the available simulation tools like EED [18], FEFLOW [19] or line source-based approaches (e.g. [20, 21]). Up to 
now, only fully discretized models could fulfill these requirements. However, fully discretized models come at high 
computational cost and are not a viable option for the simulation of entire arrays of BHEs. 
In this paper, we present BASIMO: a Borehole heat exchanger Array SIMulation and Optimization tool. It 
comprises a simulator that employs the finite element method (FEM) to calculate the transient conductive heat 
transport in the subsurface. The thermal response of the BHEs is calculated using an adapted analytical solution based 
on thermal resistance and capacity models (TRCM), which allows for the consideration of partly insulated boreholes, 
but still grants fast computation compared to fully discretized models [22]. As the simulator is MATLAB-based, it can 
be readily used with the MATLAB Global Optimization Toolbox [23] for the mathematical optimization of the storage 
performance with respect to variable system parameters. For elaborate optimization problems, the computational time 
can be reduced using a previously trained proxy model [17]. Furthermore, it is possible to link BASIMO to building 
models for coupled BTES-building simulations.  
2. BASIMO 
BASIMO was initially developed for the design optimization of BTES [17]. On the one hand, this determines the 
required features for the simulator, namely the consideration of borehole insulation and the possibility to couple the 
simulator to mathematical optimization algorithms. On the other hand, it allows for certain simplifications: BTES 
systems typically target low permeable rocks for heat storage, as groundwater flow decreases the storage efficiency 
[15]. Therefore, BASIMO neglects the convective heat transport in the subsurface, which decreases the computational 
cost significantly. Nevertheless, BASIMO can also be used for the simulation of regular BHE arrays in mere heat 
extraction scenarios as long as groundwater flow is non-existent. BASIMO applies a dual continuum approach where 
the numerical calculation of the subsurface heat transport is separated from the simulation of the thermal interactions 
within the BHEs. The latter can be solved analytically, which significantly saves computation time otherwise required 
for the full discretization of the borehole. The program structure of the simulator is illustrated in Fig. 1.  
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Fig. 1. Schematic of the program structure of the BASIMO simulator, arrows indicate the interaction of the program components. 
2.1. Finite Element Method and Tetrahedron Mesh 
The core of BASIMO is an improved MATLAB FEM implementation (Galerkin method of weighted 
residuals [24]) originally developed by Alberty et al. [25]. It calculates the transient heat diffusion in the subsurface 
by numerically solving Fourier’s Law of heat conduction for the model domain, which is discretized as a tetrahedron 
mesh generated with TetGen [26]:  
( ) Qsss qTt
T
c +∇⋅∇=
∂
∂ λρ    (1) 
With ȡs: soil density, cs: volumetric heat capacity of the soil, T: Temperature, t: time, Ȝs: thermal conductivity of 
the soil and qQ: heat sources and sinks as internal heat generation per unit volume. The tetrahedron mesh is 
unstructured and eliminates any restrictions for the bore path geometry. Consequently, inclined BHEs can be modeled 
in BASIMO (Fig. 2a), whereas semi-structured triangular meshes or fully structured rectangular meshes, typical for 
most available simulators, only allow for the consideration of vertical boreholes. 
The principles of the FEM in heat transfer problems have been described for instance by Reddy and Gartling [27]. 
Ultimately, the weak formulation of the partial differential equation (1) summarized over the entire model domain can 
be expressed in a short matrix notation: 
)(TFKTTM =+    (2) 
Where M represents the heat capacity matrix, K is the thermal conductivity matrix and F is the right-hand side 
vector including source terms, whereas T is the solution vector, i.e. the subsurface temperature. The BHEs act as heat 
sources or sinks in the FEM mesh and contribute to the right-hand side F. As the heat transfer from and to the BHEs 
depends on the temperature of the surrounding reservoir rock, their contribution to the source terms in F depends on 
the solution vector T. Consequently, the system of equations (2) is non-linear. A predictor-corrector method is used 
with a second order Adams-Bashforth predictor and a Crank-Nicolson corrector to solve the system of equations. It 
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allows for automated time stepping after a few initial time steps provide the acceleration vectors of T required for the 
predictor. A Picard iteration scheme is applied on the corrector to consider the non-linearity. [27] 
As MATLAB is an interpreted programming language, the program’s execution can have significant performance 
drawbacks compared to compiled code. Especially the assembly of the conductivity and capacity matrices M and K 
becomes very slow for large models. This problem is bypassed using C/C++ code [28], which assembles the matrices 
outside of MATLAB and speeds up the computation by several orders of magnitude. In the same way, other libraries 
can be integrated, for example, to replace MATLAB’s solver by GPU based routines. 
2.2. Analytical Solution for Borehole Heat Exchangers 
The thermal interaction of the BHEs is calculated by a one-dimensional analytical thermal resistance and capacity 
modelȏʹͻǦ͵ͳȐ. Fed with inlet temperature and flow rate data, it provides the temperature distribution in the inlet and 
outlet pipes in predefined depth levels. The solution takes into account all thermal and hydraulic parameters of the 
BHE materials and the borehole wall temperature. In the finite element mesh, the BHEs are discretized as vertical or 
inclined (Fig. 2a) lines of mesh nodes. The temperature at these nodes defines the borehole wall temperature and is 
passed to the analytical solution. In return, the analytical solution sets heat sources based on the thermal resistances 
within the BHEs and the difference between the borehole wall temperature and the calculated BHE fluid temperature 
at the corresponding nodes (see above). The same solution is used in the commercial software FEFLOW [19], but has 
been improved for BASIMO to take into account BHE properties changing with depth [22]. This allows for the 
consideration of insulation within sections of the borehole (Fig. 2b).  
 
 
Fig. 2. (a) Cross section of a tetrahedron mesh of a reservoir with inclined BHEs; (b) schematic of an insulated coaxial BHE with centered inlet 
(not to scale) and the corresponding temperature profiles of the borehole wall and of the fluid in the inlet and the outlet pipe , D: borehole section 
diameter, L: borehole section length (simplified after [22]). 
2.3. User Input and Model Output 
BASIMO allows for a detailed model description by the user. Except for the geometry of the BHE array, the model 
is parametrized by self-explanatory Excel sheets. The user can change the model settings by editing these files without 
having to tamper with the code. This way, the model can be generated with a simple stratigraphy of the subsurface, 
where each layer is defined by its bottom depth and can be assigned a different bulk thermal conductivity, density and 
specific heat capacity.  
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In a similar manner, the operation of the BHEs is set up by user-defined time steps, for which the BHEs can be 
assigned a mass flow rate and a corresponding inlet temperature or heat extraction rate. As the analytical solution for 
the BHEs cannot handle heat extraction rates by itself, an additional Picard iteration loop in BASIMO determines the 
corresponding inlet temperature. Furthermore, BASIMO allows the user to choose between U-pipe, double U-pipe 
and coaxial BHEs in the operation setup, which includes the choice between central or annular inlet for coaxial BHEs. 
These settings apply for all BHEs in the array alike. 
The BHEs, on the other hand, are each dealt with independently in a separate file. A detailed configuration allows 
for the consideration of the following parameters: 
• Borehole diameters (two independent sections for possible insulation) 
• Pipe diameters 
• Pipe wall thicknesses 
• Shank space (U-pipe and double U-pipe only) 
• Pipe thermal conductivities 
• Fluid specific heat capacity 
• Fluid thermal conductivity 
• Fluid dynamic viscosity 
• Fluid density 
• Grout thermal conductivities (two independent sections for possible insulation) 
• Length of insulation 
The temperature dependency of the thermo-physical parameters is not taken into account. The borehole insulation 
can be disregarded by keeping the borehole diameters and the grout thermal conductivities the same. 
Lastly, it is possible, to change a few settings, which concern the numerical calculation and the program output of 
BASIMO. Depending on the model size and the scheduled operation time, these settings can greatly influence the 
stability, the accuracy and the simulation time:  
• Time integration weighting coefficient of the corrector to change from Crank-Nicolson to fully implicit 
• Time stepping control tolerance error 
• Picard iteration tolerance error 
• Maximum number of Picard iterations 
• Initial time step size 
• Maximum time step acceleration factor 
• Maximum time step size 
• Switch for graphical output during the simulation 
• Switch for detailed data output for post-processing 
BASIMO provides a subroutine for generating the finite element mesh. It first spatially delimits the model domain 
and then defines the bore paths of the BHEs as lines of nodes in a Cartesian coordinate system before calling TetGen 
[26] to generate the tetrahedral mesh of finite elements. While the geometrical arrangement of the BHEs is predefined 
by templates depending on the number of BHEs (Fig. 3), the user can chose their number, their length and their 
respective distance towards each other. Also, the inclination angle can be defined. In that case, all BHEs radially dip 
away from the center. If there is a central BHE in the particular arrangement, it remains vertical. The templates try to 
place the BHEs in a compact arrangement, as a low enveloping surface to storage volume ratio is important for BTES 
systems. However, BASIMO will also accept user-defined meshes as long as they come with separate files that specify 
the coordinates of the mesh nodes for each BHE. 
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Fig. 3. Exemplary templates for the arrangements of BHEs in the discretized tetrahedron mesh (overhead perspective) and the corresponding 
number of boreholes, model edge length: 100 m. 
 
 
Fig. 4. BASIMO outputs: model cross sections (post-processed) showing the subsurface temperature distribution in a 7 BHE x 70 m array(cf. Fig 
3) after 90 days of (a) heat storage in a homogeneous reservoir (granite) with borehole insulation and (b) heat extraction from a stratified 
reservoir with inclined boreholes (10°); corresponding BHE temperature profiles after 90 days of (c) heat storage in a homogeneous reservoir 
with borehole insulation and (d) heat extraction from a stratified reservoir with inclined boreholes (10°); stratification: 0-20 m: sandstone, 20-
120 m: quartzite. 
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As mentioned above, BASIMO can return various simulation outputs. Every simulation provides time series of the 
BHE return temperatures and the final temperature distribution of the subsurface (Fig. 4a & Fig 4b). The latter can 
also be saved as a time series of distinct time steps for post-processing purposes. Furthermore, it is possible to activate 
a graphical output during the simulation, which plots the time step size and the inlet and outlet temperature during the 
simulation, as well as the current temperature profile of the BHE (i.e. borehole wall, downstream pipe and upstream 
pipe temperature, Fig. 4c & Fig 4d). 
2.4. Optimization 
Since the code of BASIMO is written in MATLAB, it can be easily embedded in a subroutine called as an objective 
function or as a nonlinear constraint function in the MATLAB Global Optimization Toolbox [23]. This way, various 
design or operational parameters can be optimized with regard to characteristic performance indicators. For example, 
BASIMO can minimize the size of a BHE array for heat storage (i.e. number and length of BHEs), which corresponds 
to the investment costs, for a specified amount of heat to be provided by the BTES [17]: BASIMO is called as 
constraint function to ensure sufficient heat provision by the considered array designs. Similarly, the outlet 
temperature of a single BHE can be optimized by finding the ideal length of borehole insulation [22]. In this case, 
BASIMO is the objective function called by the optimization algorithm.  
Despite the advantages of BASIMO over other programs, simulations of large systems can still be lengthy. This 
can pose an impasse for some optimization problems that require a large number of function calls to converge on a 
solution. The problem can be overcome by generating a proxy model from considerably fewer training simulations by 
arbitrary polynomial chaos expansion [17, 32]. Whereas the computational effort for large models is still high, they 
only have to be computed once. The resulting proxy model can be evaluated by the optimization algorithm in a matter 
of seconds, as it consists only of a polynomial instead of a numerical model.  
The adaptability of the MATLAB code not only enables its use in optimization algorithms. With only a few simple 
changes to the code it is possible to couple BASIMO with building models, which consider the heating infrastructure 
like heat pumps and buffer storages on the surface. Heat demand profiles with a high temporal resolution can be taken 
into account. This way, the dynamic interplay of the involved system components can be simulated with 
unprecedented and realistic detail. [33] 
3. Outlook 
BASIMO is a versatile tool specifically tailored for the simulation and the optimization of BTES systems. It closes 
capability gaps of currently available simulators like the consideration of borehole insulation and unrestricted bore 
path geometries, while still maintaining reasonable computational performance. In benchmarks simulations, BASIMO 
showed good agreement with other simulators [17, 22]. The code is still under development. Future work will focus 
on the implementation of the transient convective heat transport calculation in the subsurface and on further 
performance improvements.  
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